In this work, we present a non-permanent method to connect microfluidic devices. The approach uses short flexible tubes that are plugged into bottom-flat holes and ensure fast and reliable interconnections. The small available dimensions allow the tube to be directly attached to the side of planar microchips. A theoretical model to estimate the maximum applicable pressure was developed, and verified with experimental data. Furthermore, the tube connections were compared to other non-permanent interconnection types.
Introduction
Interfacing microdevices to the macro world is still a challenge. In the case of lab-on-a-chip devices, the microsystems may contain electrical, mechanical or fluidic components, for instance. In comparison to electrical contacts, fluidic connections are more problematic. Requirements such as low dead volumes, operation over a wide pressure range, or chemical resistivity are hard to align with an inexpensive and simple design.
Although the main focus in the field of microfluidic devices is on the devices and their various functionalities, a number of solutions for microfluidic interfacing have been developed. An overview of the different approaches has recently been published by Fredrickson and Fan [1] .
In general, fluidic interconnections can be divided into permanent and non-permanent connections. In the former approach, adhesives are mainly used to bond thin tubes onto or into holes that have been fabricated into a substrate and are connected to the internal fluidic network. Often, the crosssectional shape of the channels does not fit or correspond to the shape of the tube, depending on the method that was used to fabricate the channel. This mismatch typically results in a gap. Gluing a tube into place bears the risk of clogging a connection due to glue that is drawn into the gap by capillary forces. Depending on the design, the glue forms cones around the connection tube, and the spatial extent of this glue cone limits the minimum distance between adjacent connections (see figure 1) . As a remedy for the clogging problem, highly viscous glue could be used, but the complexity of the gluing process makes it uneconomical if many connections have to be made. On the other hand, a lot of effort has been put into modifying the shape of the interconnection to allow a better fit and thereby reduce the risk of clogging by adhesives. Gray et al [2] reported on a deep reactive ion etched (DRIE) coupling structure to bond standard capillaries directly to a silicon substrate using adhesives. The MEMS (micro-electromechanical-systems) fabricated fitting structure allowed a direct attachment of capillaries, which were then fixed with adhesives. Further, they combined DRIE and injection molding to fabricate a press-fit silicon/plastic coupler. In 2001, Meng et al [3] attached capillaries to cleanroom processed coupling structures and bonded these structures to a substrate using a thermoplastic spray-coating technique. Both groups used advanced fabrication technologies in combination with glue to achieve a matching fit to the substrate and cement the interconnection. However, the risk of clogging prevails. Bings et al [4] directly drilled bottom-flat holes into the edge of glass substrates to access the channels and then glued in silica capillaries using thermoplastic adhesive. This method shows an easy possibility of a direct side interconnection. Yet, there is a high risk of delamination of the bonded substrates due to strong shear forces, and clogging of the channels by debris, both resulting from the drilling process. Puntambekar [5] reported in 2001 on flanging PEEK TM (polyetheretherketone) tubes to produce a permanent connection. This method avoids the use of adhesives. The interconnection, however, is part Gluing is a commonly used method for fluidic interconnection of microstructures. Tubes are glued onto or directly into through-holes or channels. Using this method involves a high risk of clogging by glue that is drawn into the channel by capillary forces.
of the fabrication sequence of the microfluidic device, which complicates the process.
Non-permanent connections, on the other hand, use a soft intermediate element in combination with mechanical stress to ensure a sealed connection. Commonly used elements are, for instance, o-rings or membrane gaskets. In this method, the microstructure with through-holes is pressed against a holder, which contains connection holes. Tightness is ensured by o-rings placed between structure and holder (see figure 2) . To keep the o-rings aligned, grooves can be fabricated around the connection holes. Due to limited deformation capabilities of the o-rings, it is mandatory that all grooves have exactly the same depth. In the case of more than one connection this becomes even more important because a varying distance between microstructure and holder would not be compensated for. Further, an asymmetric distribution of o-rings on the holder leads to different pressures applied to the individual o-rings. All these circumstances make the fabrication and operation more difficult.
Nittis et al [6] designed a holder that completely enclosed a fluidic mixing chip and applied a silicone membrane as intermediate sealing element between the substrate and standard fittings. However, using a gasket-like sealing over a large area requires a large compression force and therefore a rigid, mechanically stable housing to ensure a tight connection. This, on the other hand, makes it difficult to access the device for optical inspection or detection. The number of applications tolerating this kind of packaging is therefore limited.
Perozziello et al [7] developed an integrated elastomer connection that allows easy connectivity. Tubes can be plugged directly into the connector and sealing is ensured due to its elastic properties.
Instead of using o-rings or an elastomer membrane, another versatile approach is soft tubes that are pressed against the substrate. Silicone rubber tubes, for instance, are resistant to a broad range of chemicals, to temperatures between −60 and 250
• C and available in various dimensions, with inner diameters smaller than 100 µm.
The principle of a fluidic side-connector using flexible tubes as sealing elements was patented in 2001 by one of the authors [8] . In 2002, Yang [9] reported on a microfluidic socket prototype for wafer side filling using long silicone tubes that were aligned with a holder. Since the tube connector was patented in 2001 the field of microfluidics has undergone development from purely fundamental research towards more applications, especially in the fields of biology, biomedicine and chemistry. Hence, there is a demand for interconnections to chips in a variety of scientific fields. At the same time, as mentioned above, there are still numerous practical problems with interconnects that probably prevent a faster spreading of the use of microchips in general. We think, therefore, it is very relevant to show an in-depth treatment on the tube connectors, which have been employed in various applications in our lab showing their superior handling capability and performance in everyday use. Furthermore, we examined the tube connector from a theoretical point of view and compared it with other, nonpermanent interconnections.
Design and fabrication
Since neither gluing nor o-rings are fully satisfactory for rapid and reliable fluidic connections, a different design was examined. The principle is sketched in figure 3 and uses short pieces of flexible tubing that is available in various dimensions and many different materials. These tube-pieces, which are cut from a long tube, are plugged into a bottom-flat hole. In the center of this hole another hole with a smaller diameter is drilled. This establishes the connection to a standard thread that is cut into the connector from the backside. The length of the tube-piece exceeds the hole's depth so that a small part will protrude out of the hole.
A microsystem with a through-hole that is pressed against the connector will compress the tube about the length of the extension (see figure 3 ). Due to its elasticity the tube will seal the connection. In comparison to o-rings the tube is more deformable, which results in a better sealing quality. This also means a better tolerance towards angular misalignment between the microsystem and the holder. In fact, to align the device and the holder, simple alignment structures (e.g., dowel pins) can be integrated to provide sufficient accuracy.
However, all these principles are applied to devices that are provided with through-holes to allow access to the channel from the top or the bottom of the device. A number of different techniques to prepare these through-holes are used, all with their advantages and disadvantages. Holes in silicon substrates are typically etched, while polymer holes are drilled or laser ablated. Holes in glass substrates are either etched, laser ablated or drilled. Whereas etching produces high quality holes, for a moderate number of holes drilling is a faster process. However, it should be used with care when glass is the substrate to avoid cracking. Laser ablation requires an expensive setup and is not available in every laboratory. Finally, the lid containing through-holes typically needs to be aligned to the structured substrate. Hence, the fabrication of through-holes is, depending on the material, a complicated and time-consuming process. One way to avoid through-holes altogether is to make use of the small available sizes and the flexibility of the silicone tubes to directly attach them to the side of a flat microstructure. Channels that are connected to the fluidic network just have to be continued to the edge of the microsystem. After bonding a lid onto the substrate, dicing of the chip will automatically result in side-openings to which the tubes can be connected. Figure 4 shows the construction of a side-connector for a flat fluidic microstructure indicating how the channel and tube are aligned using the holder. The simple construction of the side connector allows fabrication with conventional mechanical equipment. Furthermore, various standard fittings can be attached by drilling an appropriate thread. For larger number production of the holder, polymer mass production technology, as for instance injection molding, can be applied.
Usage of entire silicone tubes instead of tube pieces, as Yang et al [9] reported, simplifies the fabrication of an holder even more. Cutting of small tube pieces can be avoided and drilling is reduced to simple through-holes containing the tubes. However, fixing the tubes in the holder either leads to a compression of the tubes, or necessitates the use of adhesives. Another disadvantage of long soft tubes is their sensitivity to high pressure, which would lead to an expansion of the soft tubes. This expansion increases the volume and adds a fluidic capacitance (compliance) to the system.
Theory
Our objective is to calculate the limits of the proposed connections in terms of tightness. When the tube is subjected to a compressive load its length will decrease. The amount of reduction is called total strain ( l), while the reduction per unit length is called unit strain (ε). The relation between the unit strain and the total strain is given by
where l is the initial length of the tube. We apply a load to the tube by pressing a microdevice with its channel opening towards the tube, using a force F (see figure 5 ). The maximum load that can be applied to the tube is the load that reduces the tube by l 0 , which is the length of the tube's extension. Any additional force is absorbed by the holder and further compression is inhibited since the device and holder are in contact. The unit strain of the tube is related to the stress acting onto the tube by the equation
where σ is the compressive stress and E is Young's modulus of the silicone tube. Considering that the stress is related to the load given by the following equation,
where F is the applied load and A c is the contact area between the microstructure and the tube defined by
with d out being the outer diameter of the silicone tube and d h the inner diameter of the microdevice's through-hole, the maximum load F max applicable to the tube can thus be calculated by . An applied stress σ results in a total lateral strain q. As a consequence, the tube obstructs further passage once the total lateral strain equals the inner tube diameter. Additionally, a more realistic distribution of the lateral strain is implied by the dashed curvatures.
The purpose of a fluidic interconnection is to ensure a sealed contact between the system and the external tube. Of course, to reach a tight contact the pressure of the liquid inside the channel should be the same as or smaller than the pressure resulting from the mechanical stress of the sealed connection. From equation (5) we know that the maximum applicable stress is
Therefore, the maximum pressure that the liquid may have while still ensuring a sealed connection is
The pressure inside a microfluidic channel can be determined by
where R fluidic is the hydraulic resistance and Q is the flow rate [10] . The hydraulic resistance inside a microfluidic channel with a rectangular cross section depends on its geometry and on the viscosity of the liquid:
where L is the length, w the width, h the height of the channel and µ the viscosity of the liquid 1 . The internal pressure p int depending on the flow rate Q for a specific channel geometry can then be calculated using
Finally, the above derived relations can be summarized to
where A c is, again, the contact area between the connector and device.
Another important consideration concerns the change of the thickness of the tube-wall as a result of the compression of the tube. Figure 6 shows the relation between stress and resulting strain. A load applied to the tube compresses the tube with the initial length l by the total strain l. As a consequence of the incompressibility of the elastomeric tube material, the thickness q of the tube-wall will increase by the total lateral strain q.
As a result of the tight fit of the tube inside the bottom-flat hole, which prevents any outward expansion, the inner tube diameter d in decreases and can lead to obstruction of the tube. The relation between lateral strain (ε l ) and axial strain (ε) is
with ν being the Poisson ratio of the silicone tube. The total lateral strain, in our case, is equal to the change of thickness of the tube wall q:
where q is the original wall thickness of the tube. Together with equation (1), we can write
Equation (14) shows that a longer tube and a thinner tube wall decrease the risk for obstruction. Regarding the strain, the length of the extension should also be minimized. As mentioned above, however, the applicable hydraulic pressure also depends on the extension length. Therefore, a general rule of thumb for optimized applicable parameters cannot be given, but optimization rather needs to be performed for the individual designs or applications.
In contrast to a simplified rectangular extension geometry as commonly used to derive the theory, the real deformation geometry is more complex and a more detailed treatment is beyond the scope of this work. A more realistic distribution of the lateral strain, however, is a curved profile as depicted by the dashed lines in figure 6 . As a consequence, the total strain is accumulated and increases (denoted q in figure 6 ). Measurements showed that a safety factor of two in addition to a linear strain calculated from the rectangular model is a sufficient estimate to avoid obstruction.
Measurements and results
To be able to compare the tube connector to other connection methods, five different test-chips were developed. Each chip, as schematically shown in figure 7 , consisted of a structured silicon substrate with through-holes. Common MEMS fabrication methods were used to concentrically deposit circular gold-coils around the through-holes onto the substrate surface. Fluidic channels with different geometries and dimensions covering a wide range of fluidic resistances were etched into the backside of the silicon using an advanced silicon etcher ( figure 7(b) ). The channel dimensions for the individual chips and their corresponding hydraulic resistance are listed in table 1. Finally, a glass lid was bonded anodically to the substrate to seal the structure.
The chip was then inserted into a holder that provided different interconnection types. In this work, we compared o-rings and a PDMS-gasket to silicone tubes. Syringe pumps forced liquid through the chips at various flow rates. To counterbalance the internal pressure calculated from these flow rates using equation (10) , an external stress of the same magnitude was applied to the interconnections. A spring in combination with four screws was used to generate the stress, as depicted in figure 8 . Fastening the four screws resulted in compression of the spring and therefore higher stress applied to the interconnection. Information on the applied stress could be obtained via an integrated force sensor and taking the contact areas of the different interconnections into consideration. Table 2 shows the dimensions and the resulting contact areas of the different interconnection types that were tested.
After the adjustment of the external stress to balance the internal pressure, the flow rate was increased until leakage was observed. A leakage at the connector-chip-junction was detected by measuring the electrical conductance between adjacent coils. As the liquid an aqueous soap solution was used, which, in the case of leakage, passed over the coils and immediately resulted in an increased conductance. The distance of 100 µm between the individual coils ensured high sensitivity even for small leakage rates. The symbols in figure 9 show the pressure at which the connections failed and leakage was detected. For each testchip design, corresponding to different pressure ranges, all connection types were tested. Even though different pressure ranges were investigated, only the pressures where leakage was first detected for the different connectors are displayed in figure 9 . These pressures are just slightly above the maximum achievable pressures, which cannot be measured directly. What can be seen in figure 9 is that the theoretical predictions, represented by the lines, are matched nicely by the measured values.
Furthermore, the measurements show that the silicone tubes ensured a sealed contact even at high pressures. No leakage was detected using silicone tubes and applied pressures of up to 1.23 MPa. Meanwhile, o-rings provide a seal until a pressure of 0.14 MPa is reached, whereas polydimethylsiloxane (PDMS) gaskets start leaking already at pressures of 0.01 MPa. In the case of gaskets, the large contact area between the chip and the interconnection requires a high external force to ensure that the external pressure is higher than the internal pressure of the chip, as dictated by equation (5). This, on the other hand, might deform the package and cause leakage. The silicone tubes, however, show the advantage that they, to a certain extent, can compensate deformation of the package. In fact, the tubes follow deflections of the package maintaining an adherent contact to the chip, while the o-rings seem to suffer from any inhomogeneous distribution of the stress inside the package and a deformation of the structure.
A side connector offers the same feasibility with regard to sealing if the applied parameters are equal to those of a through-hole connector. The displayed results therefore are also fully valid for side interconnections.
Conclusion
In this work, we presented a fluidic interconnection that allows to fluidically access channels via commonly used throughholes as well as via a side connector. A theoretical model was developed that estimated the maximum sealing pressure of various connection types. Further, we designed a test setup to determine the maximum sealing pressure at multiple flow rates to be able to compare the results with the theoretical predictions. Finally, we showed that the sealing qualities of the tube connectors are superior to those of the other tested interconnections.
